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Abstract 

Studies  of  the  nature  of  the  thermal  conversion  on  semi-insulating 
GaAs:Cr  using  photoluminescence,  cathodoluminescence ,  and  secondary 
ion  mass  spectrometry  are  described.  Improvements  in  a  quadrupole 
mass  spectrometer  instrument  for  secondary  ion  mass  spectrometry 
are  described  and  the  applications  of  this  instrument  to  significant 
problems  in  solid  state  electronics  are  discussed. 
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1.0  Introduction 

This  research  has  been  concerned  principally  with  the  problem 
of  thermal  conversion  of  GaAs:Cr,  in  which  a  low  resistivity  layer 
is  formed  on  semi-insulating  GaAs  after  heat  treatment.  Specimens  of 
GaAs  from  Laser  Diode  Laboratories  or  Crystal  Specialties,  Inc.  were 
heat  treated  at  the  Naval  Ocean  Systems  Center  (NOSC)  using  a  tube 
furnace  with  flowing  ^  gas  or  at  Hughes  Research  Laboratories  using 
the  Melt  Controlled  Ambient  Technique  (MCAT) .  These  were  studied  by 
photoluminescence,  cathodoluminescence  and  secondary  ion  mass  spectrometry 
(SIMS). 

In  the  course  of  this  work  a  Quadrupole  Mass  Analyzer  for  Solids 
was  placed  in  operation  and  computer  programs  were  refined  for  obtain¬ 
ing  depth  profiles,  mass-spectra  histograms,  and  energy  distributions 
of  secondary  ions. 

2.  Brief  Description  of  the  Work 

2.1  Cathodoluminescence  and  photoluminescence 

Low  temperature  cathodoluminescence  spectra  were  obtained  from 
fourteen  specimens  of  GaAs  including  eight  heat  treated  specimens. 

Before  annealing,  bands  were  observed  at  1.509  eV  and  1.23  eV.  After 
annealing  additional  bands  were  observed  at  1.496  eV,  1.363  eV,  and 
1.407  eV.  The  1.363  band  intensity  was  found  to  increase  with  increas¬ 
ing  carrier  concentration  in  the  converted  layer  over  three  decades 
of  intensity.  This  band  was  not  observed  in  photoluminescence  spectra; 
if  it  was  present  it  was  masked  by  the  LO  phonon  replica  of  a  very  strong 
band  with  a  peak  at  1.41  eV.  This  latter  peak  was  weak  in  the  cathodo¬ 
luminescence  spectra  compared  with  the  1.363  eV  peak. 
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The  difference  in  the  photoluminescence  spectra  has  been  attributed 
to  a  difference  in  sampling  depth  for  these  two  techniques.  Based  on 
this  assumption  and  assuming  that  the  diffusion  constant  for  Ga  vacancies 
is  much  larger  than  the  diffusion  constant  for  As  vacancies,  it  is 
believed  that  the  1.363  peak  is  associated  with  recombination  involving 
a  Ga  vacancy  while  the  1.41  eV  peak  is  associated  with  an  As  vacancy. 

In  addition,  based  on  work  published  in  the  literature  it  is  further 
proposed  that  the  1.363  eV  involves  Si  on  an  As  site  paired  with  a 
Gallium  vacancy  and  that  this  level  is  the  acceptor  level  responsible 
for  thermal  conversion.  A  more  detailed  description  of  this  work  is 
given  in  a  paper  scheduled  for  publication  in  the  January  1982  issue 
of  J.  Applied  Physics  (refer  to  Appendix  A). 

2.2  Secondary  ion  mass  spectrometry 

2.2.1  Results  obtained  with  the  Cameca  IMS-3F 

Secondary  ion  mass  spectrometry  (SIMS)  results  were  obtained  on 

six  of  the  eight  heat  treated  specimens  and  also  on  corresponding 

specimens  that  had  not  undergone  heat- treatment .  In  all  cases,  the 

spectra  from  heat  treated  specimens  2  um  below  the  surface  were  identical 

to  specimens  not  heat  treated.  Depth  profiles  of  heat  treated  specimens 

52  63  28 

all  showed  a  shallow  layer  (<  .05  um)  of  high  Cr,  Cu  and  Si  and 

52 

a  thicker  layer  (1-2  um)  in  which  the  Cr  concentration  was  lower  than 

28 

the  bulk  by  factor  of  10.  In  all  cases,  the  Si  ion  intensity  was 

52 

comparable  to  or  higher  than  the  Cr  ion  intensity.  It  was  not  known 

at  the  termination  of  the  present  grant  whether  this  was  due  to  inter- 

r  c  ,  14m  1 2_16_  27.  +  12r  u  +  56  ++ 

ference  from  another  species  (e.g.  N2,  C  0,  A1H  ,  C2H4  »  Fe  » 

etc.),  or  a  high  background  due  to  the  fact  that  the  instrument  had 

previously  been  used  to  run  many  specimens  of  silicon.  However  further 
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experiments  are  in  progress  to  resolve  this  question. 

2.2.2  Results  obtained  with  the  QMAS 

Since  the  work  on  this  grant  began,  efforts  were  being  made  to 
place  into  operation  in  our  laboratory  a  quadrupole  SIMS  instrument 
made  by  Applied  Research  Laboratories  called  a  Quadrupole  Mass  Analyzer 
for  Solids  (QMAS) .  However,  it  was  only  toward  the  end  of  the  grant 
period  that  useful  results  were  obtained.  This  was  due  partly  to 
a)  instrumentation  problems  (since  this  was  a  prototype  instrument  no 
instruction  manual  was  available  and  all  of  the  personnel  who  worked 
on  this  instrument  were  no  longer  at  ARL)  and  partly  to  b)  not  being 
able  to  obtain  graduate  students  qualified  to  debug  this  complex  instru¬ 
ment.  Toward  the  end  of  the  grant  period  the  hardware  problems  were 
under  control,  except  for  the  primary  beam  current  being  too  low  to 
obtain  satisfactory  depth  profiles.  However,  this  was  solved  by  devis¬ 
ing  a  new  bias  circuit  for  the  duoplasmatron . 

In  the  course  of  evaluating  the  software  that  had  been  written  for 
this  instrument,  a  number  of  faults  were  discovered,  for  example,  the 
program  to  calibrate  the  mass  scale  was  not  sufficiently  accurate  to 
provide  a  good  fit  over  a  large  range  of  mass  numbers. 

Since  a  considerable  fraction  of  the  time  spent  on  this  project 
was  devoted  to  the  QMAS,  it  seems  appropriate  to  include  some  results 
obtained  up  to  now  with  this  instrument.  These  are  given  in  figures  1  - 
8  (refer  to  Appendix  B) .  The  examples  given  show  results  obtained  with 
three  principal  programs,  namely  i)  a  program  for  depth  profiling  multiple 
elements  (Figs.  1  and  2);  ii)  a  program  for  obtaining  mass  spectra  plots 
in  histogram  form  (Figs.  3  and  4);  and  iii)  a  program  for  obtaining  the 
energy  distribution  of  secondary  ions  (Figs.  5-8). 
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Figure  1  shows  a  depth  profile  of  a  superlattice  consisting  of 
alternating  layers  of  Si  and  Si- 7. 5%  Ge.  This  test  specimen  was  grown 
at  Rockwell  using  a  MOCVD  process.  Figure  2  shows  the  depth  distribu¬ 
tion  of  Si  implanted  into  GaAs.  These  results  show  that  the  many 
problems  of  obtaining  depth  profiles  have  been  overcome  (adquate  ion 
intensities,  good  electronic  aperturing,  flat-bottom  crater,  etc.). 

Figure  3  shows  a  histogram  plot  of  a  mass  spectrum  from  Czochralski- 
grown  silicon  and  figure  4  shows  a  histogram  plot  of  a  mass  spectrum 
from  GaAs.  These  plots  incorporate  automatic  change  from  digital 
recording  to  analog  recording  at  high  count  rates,  a  modification  made 
by  us.  They  also  employ  a  modified  calibration  program  using  a  cubic 
instead  of  a  quadratic  fit. 

Figures  5-8  are  energy  distributions  for  various  ion  species 
obtained  from  Si-doped  GaAs.  These  are  energy  distributions  obtained 
by  a  retarding  potential  method,  i.e.  by  varying  the  sample  potential 
while  keeping  the  energy  analyzer  and  extraction  potential  fixed.  In 
all  cases,  ion  energy  increases  to  the  left.  Zero  ion  energy  is  where 
the  ion  intensity  begins  to  increase  abruptly.  In  figures  5  and  6,  the 
energy  distributions  are  shifted  because  of  specimen  charging  (due  to 
a  Schottky  barrier  contact  between  the  specimen  and  specimen  mount) . 
Similar  distributions,  obtained  where  charging  effects  are  eliminated 
(by  illuminating  the  specimen)  are  shown  in  Figures  7  and  8. 

We  found  that  for  a  specimen  of  GaAs  that  exhibited  charging  effects 
dependent  on  the  intensity  of  light  from  the  illuminator,  the  charging 
effects  disappeared  when  the  beam  sputtered  all  the  way  through  the 
specimen.  This  evidently  converted  the  Schottky  barrier  to  an  ohmic 
contact  because  there  were  no  charging  effects  subsequently  no  matter 
where  the  beam  impinged  on  the  sample. 
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Regarding  Figures  5  and  6,  it  will  be  noted  that  there  is  a  signi¬ 
ficant  ion  intensity  on  the  right  of  the  "normal  energy  distribution". 

This  is  due  to  ions  generated  in  the  gas  phase.  The  case  of  mass  28  is 

28  28 

particularly  noteworthy.  The  gas  phase  ions  (  CO  or  N2)  result  in 
ions  that  apparently  have  less  than  zero  energy  (these  are  ions  that 
have  not  experienced  the  full  accelerating  potential,  hence  are  evidently 
produced  in  the  space  above  the  specimen) . 

28 

The  very  narrow  energy  distribution  of  Si  ions  in  Figures  5  and  7 
is  also  noteworthy.  It  seems  to  indicate  a  different  mechanism  of  ion 
production  than  the  usual  case  (perhaps  resonance  ionization  due  to 
excited  states  of  the  emitted  ion) . 

3 . 0  Summary 

The  present  work  has  clarified  some  of  the  ambiguities  in  the 
literature  concerning  thermal  conversion  of  GaAs.  This  work  which  is 
described  in  greater  detail  in  a  paper  to  be  published  in  J.  Appl.  Phys. 
(refer  to  Appendix  A)  indicates  that  the  1.407  eV  emission  peak  is 
probably  due  to  a  Si^ s~vAs  complex  and  not  to  recombination  at  Mn  impurities. 
It  also  indicates  that  the  1.363  eV  peak  may  be  due  to  recombination 
involving  a  Si^-V^  complex  and  not  to  Cu  contamination.  This  1.363  eV 
peak  has  been  correlated  with  the  thermal  conversion  effect  by  comparing 
its  intensity  with  the  resistivity  of  the  thermally  converted  layer. 

In  all  cases  of  thermally-converted  specimens,  a  depletion  of  Cr  in  a 
layer  1-2  wm  thick  was  observed  by  SIMS. 

The  improvements  of  the  QMAS  instrument  and  computer  programs  for 
data  acquisition  indicate  that  it  will  be  a  powerful  tool  not  only  for 
further  investigations  of  the  type  described  in  the  present  investiga¬ 
tions  but  also  in  other  on-going  by  DoD  agencies  at  USC.  These  investi- 


gations  include  studies  of  depth  profiles  of  MBE  grown  materials 
and  of  ion  implanted  materials,  studies  of  impurity  concentrations 
in  bulk  materials  and  studies  of  photoconductivity  in  semiconductors. 
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